High levels of c-myb expression are necessary for the proliferation of hematopoietic precursor cells whereas down-regulation of c-myb is required for terminal dierentiation; this down-regulation occurs through a conditional block to transcriptional elongation in intron I. We previously observed that cAMP analogs prevented the late down-regulation of c-myb during hexamethylene bisacetamide (HMBA)-induced dierentiation of murine erythroleukemia (MEL) cells and blocked dierentiation; this correlated with the induction of NF-kB (p50/RelB) complexes which were shown to bind to NF-kB recognition sites¯anking the transcriptional pause site of c-myb. We now selected stably-transfected MEL cells which overexpressed p50, RelB or both at levels similar to those induced by cAMP to determine whether these NF-kB proteins regulate c-myb expression in intact cells. We demonstrate that transcriptionally active NF-kB (p50/RelB) complexes, but not p50 or RelB alone, prevented the early and late down-regulation of c-myb mRNA and increased c-myb transcriptional elongation in HMBA-induced MEL cells. The increase in c-myb expression was sucient to block erythroid dierentiation and allow continuous proliferation of cells in the presence of HMBA. Steady-state c-myb mRNA levels in untreated cells were not aected by overexpression of NF-kB, suggesting that p50/RelB speci®cally modulated the eciency of transcriptional attenuation during MEL cell dierentiation.
Introduction
The c-myb proto-oncogene encodes a transcription factor that displays sequence-speci®c DNA binding and transactivates promoters with the consensus sequence C/T-A-A-C-G/T-G (Gonda, 1998; Introna et al., 1994; Oh and Reddy, 1999) . Target genes of cmyb include genes associated with cell proliferation and dierentiation as well as genes which are expressed in hematopoietic cells in a lineage-speci®c fashion (Gonda, 1998; Oh and Reddy, 1999) . High levels of c-myb expression are found in immature, proliferating cells of all hematopoietic lineages and c-myb expression sharply declines with dierentiation (Introna et al., 1994) . Inhibition of c-myb expression by antisense oligodeoxynucleotides (oligodNTs) results in inhibition of hematopoietic precursor cell proliferation and c-myb (7/7) mice demonstrate an abrupt failure of fetal liver hematopoiesis, suggesting that c-myb is required for maintaining the proliferative state of hematopoietic progenitor cells (Caracciolo et al., 1999; Valtieri et al., 1991; Mucenski et al., 1991) . Forced c-myb overexpression suppresses terminal dierentiation in a number of leukemic cell lines including erythropoietin-induced dierentiation of SKT6 erythroleukemia cells, indicating that down-regulation of c-myb is a prerequisite for terminal dierentiation (Introna et al., 1994; Danish et al., 1992; Todokoro et al., 1988; Clarke et al., 1988; McClinton et al., 1990) . During the dierentiation of murine erythroleukemia (MEL) cells, c-myb expression decreases within 4 h of adding an inducing agent (early down-regulation), recovers to basal levels by 24 h and then decreases again at 48 ± 72 h (late down-regulation) (Watson, 1988b; McClinton et al., 1990) . Forced expression of c-myb from an inducible promoter during the late, but not during the early down-regulation completely blocks dierentiation (McClinton et al., 1990; Danish et al., 1992) .
The regulation of c-myb expression is complex and not completely understood. The murine c-myb promoter is relatively weak but constitutively active even in cells which do not express detectable levels of c-myb mRNA whereas the human c-myb promoter contains several positive regulatory elements which appear to be functional in dierent hematopoietic lineages (Watson, 1988a; Sobieszczuk et al., 1989; Sullivan et al., 1997; Nicolaides et al., 1992; Phan et al., 1996) . In dierentiating murine and human hematopoietic cells, transcriptional down-regulation of c-myb occurs through a conditional block to transcriptional elongation in intron I (Watson, 1988a; Wang et al., 1994; Bender et al., 1987; Watson, 1988b) . This transcriptional block has been mapped to a 1 kb region near a major DNAse I hypersensitive site; the DNAse I hypersensitive site is more prominent in cells with strong transcriptional attenuation which express low levels of c-myb mRNA, suggesting that higher order chromatin structures may be involved in the regulation of transcriptional elongation (Bender et al., 1987; Toth et al., 1995) . A correlation between c-myb mRNA levels and protein binding to dierent DNA fragments derived from intron I has been demonstrated by electrophoretic mobility shift assays (EMSAs) (Reddy and Reddy, 1989; Dooley et al., 1996; Wang et al., 1994; Toth et al., 1995) . Flanking the site of transcriptional attenuation, there are two conserved binding sites for the transcription factor NF-kB, several NF-kB-related proteins transactivated a Myb/ CAT reporter construct dependent on the regions containing the two binding sites; however, an inverse correlation between nuclear protein binding to the NF-kB sites and c-myb mRNA expression levels in dierent B-lymphoid cell lines was reported in the same study (Toth et al., 1995) .
The NF-kB family of proteins includes p50 and its precursor p105, p52 and its precursor p100, p65 (relA), c-rel, and relB (Baltimore and Liou, 1993; Miyamoto and Verma, 1995) . P50 and p52 form homodimers and dimers with other family members; dimers containing the precursors p105 or p100 are transcriptionally inactive and sequestered in the cytoplasm, but proteolytic processing of p105 and p100 results in release and nuclear translocation of active NF-kB dimers (Baltimore and Liou, 1993) . The activity of the rel proteins is also regulated through cytoplasmic retention by the inhibitors IkB-a, -b and -g which are phosphorylated and proteolytically degraded in response to various stimuli resulting in the release of active NF-kB dimers which translocate to the nucleus (Miyamoto and Verma, 1995) . MEL cells express relatively low levels of NF-kB, but we found that cAMP-elevating agents or membrane-permeable cAMP analogs induced the expression and nuclear accumulation of NF-kB (p50/RelB) complexes which bound to the c-myb intronic NF-kB sites and transactivated a reporter construct containing one of these sites upstream of a minimal promoter (Suhasini et al., 1997) . We also observed that cAMP analogs prevented the late down-regulation of c-myb mRNA by increasing transcriptional elongation during HMBA-induced dierentiation of MEL cells. The induction of NF-kB (p50/RelB) was delayed and correlated with the upregulation of c-myb mRNA by cAMP in HMBAtreated MEL cells (Suhasini et al., 1997) . To determine whether NF-kB (p50/RelB) dimers regulate c-myb expression in intact cells, we stably transfected MEL cells with expression vectors encoding p50 and/or relB and selected clones overexpressing p50, RelB or both at levels similar to those induced by cAMP. We found that p50/RelB heterodimers regulate transcriptional elongation of c-myb.
Results

Generation of stably transfected MEL cells expressing p50 and/or RelB
In order to examine the physiological function of p50 and RelB during erythroid dierentiation, we transfected MEL cells with expression vectors encoding these two NF-kB subunits. Stably transfected clones were selected in the presence of G418 or Hygromycin B, respectively, and tested by Western blotting for expression of the transfected gene ( Figure 1 ). Similar degrees of p50-or RelB-overexpression were found in the majority of clones tested, but a few G418-or Figure 1 Expression of p50 and RelB in stably transfected MEL cells. (a) Parental MEL cells (Wt), a G418-resistant control clone (CC), two clones transfected with an expression vector encoding p50 (P50-C5 and P50-C12), two clones transfected with an expression vector encoding RelB (RelB-C6 and RelB-C9) and three clones transfected with both genes (P50/RelB-C5.7, derived from P50-C5, and P50/RelB-C12.3 and C12.7, derived from P50-C12) were harvested in mid-log phase. Whole cell extracts corresponding to 10 5 cells were analysed by Western blotting for the expression of p50 (upper panel), RelB (middle panel) and IkB-a (lower panel). The p50 blot also shows the endogenous precursor p105 which is up-regulated in cells overexpressing p50 (see text) as well as two endogenous p105-related proteins which cross-react with the p50 antibody (Suhasini et al., 1997) . (b) Parental MEL cells were cultured for 3 days in the absence or presence of 1 mM 8-Br-cAMP (Wt, Wt+cAMP) and whole cell extracts corresponding to 10 5 cells were compared to extracts from equal numbers of P50/RelB-C5.7 cells
Regulation of c-myb transcription by NF-kB M Suhasini and RB Pilz hygromycin-resistant clones failed to express the transfected gene ( Figure 1a shows one such control clone, CC, as well as two representative clones expressing p50 or RelB, respectively). Two p50-overexpressing clones were chosen for secondary transfection with the relB expression vector; individual clones growing in G418-and hygromycin-containing media were isolated which overexpressed both p50 and RelB proteins (Figure 1a shows three of these clones). The expression levels of p50 and RelB in these doublytransfected cells were comparable to the amount of p50 and RelB found in cAMP-treated MEL cells, whereas little p50 and RelB was detected in untreated parental cells (Figure 1b) .
Of note, MEL cells transfected with the expression vector encoding p50 demonstrated increased expression of p105 (the endogenous precursor of p50) compared to parental cells; this ®nding may be explained by the fact that the p105 promoter is transactivated by p50 homodimers (Ten et al., 1992; Cogswell et al., 1993) . MEL cells transfected with both p50 and relB showed even higher levels of p105 than MEL cells transfected with p50 alone, suggesting that p50/RelB heterodimers may transactivate the p105 promoter more eciently than p50 homodimers (Figure 1 ). Although the eect of RelB on the p105 promoter has not been tested directly, previous studies have shown increased p105 mRNA and p105/p50 protein expression in cells overexpressing RelB and decreased expression in cells from relB7/7 mice (Shain et al., 1999; Weih et al., 1997) .
The IkB-a promoter also contains functional NF-kB binding sites which bind p50 homodimers as well as cRel and RelA-containing complexes; however, p50 homodimers are unable to transactivate the promoter and IkB-a expression does not appear to be altered in RelB-de®cient cells (Bail et al., 1993; Weih et al., 1997) . When we examined IkB-a expression in our p50-and RelB-overexpressing MEL cells, we found IkB-a protein levels to be the same in parental and transfected MEL cells suggesting that p50/RelB dimers do not increase IkB-a expression (Figure 1 ).
DNA binding and transactivation potential of p50 and RelB in transfected cells
To determine if the transfected p50 and RelB proteins were functional, we prepared nuclear extracts from parental MEL cells, the G418-resistant control clone and the p50 and/or RelB-expressing clones. We performed EMSAs with synthetic oligodNT probes encoding two dierent NF-kB recognition sites, one derived from the immunoglobulin k light chain enhancer (NF-kB/Igk) and one from c-myb intron I (NF-kB/myb). MEL clones overexpressing p50 showed a prominent protein/DNA complex with both oligodNT probes which was barely detectable in parental cells and in the control clone ( Figure 2a) ; this complex was supershifted by a p50-speci®c antibody (data not shown) and presumably represented p50 homodimers binding to the oligodNT probes. No new protein/DNA complexes were formed with the nuclear extracts of RelB-overexpressing clones, consistent with the previous ®nding that RelB does not form functional homodimers [ Figure 2a and (Baltimore and Liou, 1993) ]. Nuclear extracts from clones overexpressing both p50 and RelB formed protein/DNA complexes with both oligodNT probes which were more abundant and migrated as a wider band compared to the complexes formed by p50-overexpressing cells. These complexes could also be supershifted by a p50-speci®c antibody (not shown) and they contained RelB as demonstrated by Western blotting of the protein/DNA complexes excised from EMSA gels (Figure 2c ). To examine the speci®city of DNA binding, we performed competition experiments. The prominent protein/DNA complex formed by the NF-kB/myb oligodNT probe with nuclear extracts from cells overexpressing both p50 and RelB was eciently competed by excess unlabeled NF-kB/myb or NF-kB/Igk oligodNT but not by an unrelated oligodNT ( Figure 2b ). The complex was also competed by restriction fragments from c-myb intron I containing the NF-kB recognition sites¯anking the region of transcriptional attenuation, but not by two other, adjacent restriction fragments ( Figure 2b ).
To determine the transactivation potential of p50 and RelB, we examined the transcriptional activity of two transiently transfected reporter genes containing functional NF-kB binding sites: one contained tandem copies of the immunoglobulin k light chain enhancer NF-kB site upstream of a minimal promoter and the luciferase coding sequence (pNFkB-Luc); the other contained the long terminal repeat of the human immunode®ciency virus upstream of luciferase (pHIVLuc). For both constructs, luciferase activity was similar in parental cells, the G418-resistant control clone CC and the RelB-overexpressing clones but was 2 ± 3-fold higher in clones overexpressing p50 ( Figure  3 ); previous workers have found that p50 homodimers are weak transcriptional activators of similar constructs (Baltimore and Liou, 1993) . In clones overexpressing both p50 and RelB, luciferase expression from pNFkBLuc was 13 ± 15-fold higher than in parental cells and from pHIV-Luc was threefold higher than in parental cells. These results suggest that p50/RelB dimers were ecient transactivators when bound to the classic immunoglobulin k light chain enhancer, whereas they were little more ecient than p50 homodimers with pHIV-Luc. Control experiments with constructs containing mutations which abolish NF-kB binding [pNFkB(mut)-Luc and pDNFkB(7453/+80)HIV-Luc] or with a reporter gene containing four copies of an AP-1 binding site demonstrated low luciferase expression which was the same in all cell types ( Figure 3 shows results for pAP1-Luc).
Eect of p50 and/or RelB on c-myb mRNA levels
In HMBA-treated MEL cells, induction of NF-kB (p50/RelB) complexes by cAMP analogs was delayed and correlated with increased c-myb mRNA expression at 72 h (Suhasini et al., 1997) . We, therefore, examined c-myb mRNA levels in the p50 and/or RelB-overexpressing MEL cell clones. In logarithmically growing cells cultured in the absence of HMBA, c-myb mRNA was abundantly expressed and was similar in parental cells and the transfected clones (Figure 4a) . In parental cells, the G418-resistant control clone and in clones overexpressing either p50 or RelB alone, HMBA induced the characteristic bi-phasic down-regulation of c-myb mRNA (Watson, 1988b) : an early down-regulation of c-myb mRNA at 4 h, return to control levels at 24 h and a late down-regulation at 72 h (Figure 4b ± d, in the ®rst lane the c-myb mRNA level is shown in untreated parental cells for comparison; please note the longer exposure time in Figure 4b to visualize the low c-myb mRNA levels in HMBAtreated cells). Thus, overexpression of p50 or RelB separately did not alter c-myb mRNA expression. However, co-expression of p50 and RelB completely prevented both the early and late down-regulation of cmyb mRNA in HMBA-treated cells, but it did not increase c-myb mRNA levels at 24 h post addition of HMBA (Figure 4b ± d) .
To examine c-myb mRNA stability, we treated parental cells, the p50-overexpressing clone C5 and the p50/RelB-overexpressing clone C 5.7 with HMBA for 4 or 72 h, then added actinomycin D to the cells and extracted cytoplasmic RNA at hourly intervals thereafter. Although at each time point the total amount of c-myb mRNA was higher in clone C 5.7 than in the other two cell types, the rate of decline of cmyb mRNA was the same in all three cell types (t 1/2 of about 2 h), suggesting that the dierence in c-myb mRNA levels was not due to dierences in c-myb mRNA stability (data not shown).
Eect of p50 and/or RelB on c-myb transcriptional elongation rates
In dierentiating MEL cells, down-regulation of c-myb mRNA is due to increased mRNA turnover and premature transcriptional arrest in the ®rst intron of the gene (Watson, 1988b) . Since mRNA stability was the same in parental, p50-and p50/RelB-overexpressing cells grown in the presence of HMBA, we performed`nuclear run-o' analyses to measure relative rates of transcriptional elongation of preinitiated RNA chains ( PO 4 -labeled oligodNT probes encoding the NF-kB recognition site of the immunoglobulin k light chain enhancer (NF-kB/Igk) or the NF-kB recognition site b of c-myb intron I (NF-kB/myb) and EMSAs were performed as described in Materials and methods. Equal loading and quality of nuclear extracts were demonstrated in control EMSAs using an oligodNT recognized by the ubiquitous transcription factor SP-1 (SP-1). (b) Speci®city of binding was examined in competition experiments using nuclear extracts of clone P50/RelB-C5.7: complex formation with the labeled NF-kB/myb oligodNT probe (lane 2) was completely prevented by the addition of a 50-fold molar excess of unlabeled NF-kB/myb oligodNT (lane 3) or NF-kB/Igk (lane 4), whereas addition of the same amount of an unrelated oligodNT (SP-1) had no eect (lane 5). Addition of unlabeled DNA fragments from c-myb intron I which include the two NF-kB binding sites¯anking the region of transcriptional attenuation (Toth et al., 1995; Suhasini et al., 1997) competed for protein binding to the radioactive probe (lanes 7 and 8), whereas addition of the same amount of adjacent restriction fragments from c-myb intron I had no eect (lanes 6 and 9). Lane 1: free probe. (c) The major protein/DNA complex formed with the NF-kB/myb oligodNT probe was excised from the EMSA gel shown in a, resolved by denaturing polyacrylamide gel electrophoresis and analysed by Western blotting with a RelB-speci®c antibody as described in Materials and methods. For comparison, the amount of nuclear extract used for the EMSA was run in parallel. Lanes 1 and 2 : 20 mg of nuclear extract protein from clone P50/RelB-C5.7 and from parental MEL cells, respectively. Lanes 3 ± 5: protein/DNA complexes from parental MEL cells, clone P50-C5 and clone P50/RelB-C5.7, respectively
Regulation of c-myb transcription by NF-kB M Suhasini and RB Pilz housekeeping enzyme b-glyceraldehyde-3-phosphate dehydrogenase (GAPD) or the structural protein CHO-A produced signals of similar intensity in both cell types. Hybridization of 32 PO 4 -labeled nuclear RNA to a genomic probe encoding c-myb intron I sequences 5' of the region of transcriptional attenuation (c-myb/ 5'fragment) was also of similar intensity in P50-C5 and P50/RelB-C5.7 cells, suggesting that similar numbers of c-myb transcripts were pre-initiated in both cell types. Hybridization to a probe encoding c-myb intron I sequences 3' of the transcriptional pause site (c-myb/ 3'fragment) was below the limit of detection in P50-C5 cells demonstrating the block to transcriptional elongation in c-myb intron I which is normally observed in MEL cells 4 and 48 h after HMBA exposure (results similar to those in P50-C5 cells were obtained in parental MEL cells). However, hybridization of 32 PO 4 -labeled nuclear RNA from HMBAtreated P50/RelB-C5.7 cells to the c-myb/3'fragment produced a strong signal indicating that c-myb transcriptional elongation proceeded unattenuated in the presence of HMBA in the p50-and RelB-overexpressing cells. These results strongly suggest that NFkB (p50/RelB) bound to sequences in c-myb intron I can increase the rate of transcriptional elongation and counteract the eect of HMBA-induced factors which block transcriptional elongation of c-myb.
Eect of p50 and/or RelB expression on the proliferation of MEL cells
After induction of MEL cell dierentiation by HMBA or dimethyl sulfoxide, the cells grow for 3 ± 4 days and then cease to proliferate (Coppola et al., 1989) . The late down-regulation of c-myb mRNA correlates with commitment to terminal dierentiation and loss of cell proliferation: forced overexpression of c-myb in MEL cells leads not only to inhibition of erythroid dierentiation but also to continued proliferation in the presence of dimethyl sulfoxide (Danish et al., 1992; Clarke et al., 1988) . We, therefore, examined the eect of p50 and/or RelB overexpression on the proliferation of MEL cells. In the absence of HMBA, all cultures reached a similar density, corresponding to continuous proliferation with a doubling time of about 23 h ( Figure 6 , striped bars). In the presence of HMBA, parental cells, the G418-resistant control clone and clones over-expressing either p50 or RelB went through about four cell doublings before ceasing to proliferate, whereas clones overexpressing both p50 and RelB continued to proliferate and reached the same density in the presence and absence of HMBA ( Figure 6 , ®lled bars). After 6 days of culture in HMBA, only the clones overexpressing p50 and RelB continued to proliferate whereas all other cultures demonstrated irreversible cessation of proliferation (data not shown). These results indicate that preventing the downregulation of c-myb by overexpression of p50 and RelB prevented withdrawal from the cell cycle and allowed the cells to continue to proliferate in the presence of HMBA.
Eect of p50 and/or RelB expression on HMBA-induced MEL cell dierentiation
Induction of MEL cell dierentiation by HMBA or dimethyl sulfoxide is associated with activation of erythroid gene expression, increased expression of globin chains and heme synthetic enzymes, and hemoglobin synthesis in about 90% of the cells (Rifkind et al., 1987) . Since overexpression of c-myb mRNA in MEL cells and other erythroleukemia cell lines has been reported to block erythroid differentiation in response to chemical inducers or erythropoietin (McClinton et al., 1990; Clarke et al., 1988; Danish et al., 1992; Todokoro et al., 1988) , we examined the eect of p50 and/or RelB overexpression on HMBAinduced globin mRNA expression and hemoglobin production. Parental cells, the G418-resistant control clone and clones overexpressing either p50 or RelB alone showed a dramatic (450-fold) induction of bglobin mRNA after induction with HMBA whereas clones overexpressing both p50 and RelB showed signi®cantly less (5tenfold) b-globin mRNA accumulation (Figure 7a ). In cultures of parental cells, the control clone and ten independent clones overexpressing either p50 or RelB, HMBA induced hemoglobin synthesis in 487% of the cell population (Figure 7b ). However, ten independent clones overexpressing both p50 and RelB cultured in the presence of HMBA demonstrated only 4 ± 19% benzidine-positive cells (mean 10.9+4.7%). All cell types cultured in the absence of HMBA showed 53% benzidine-positive cells (data not shown). These results suggest that the up-regulation of c-myb in cells overexpressing NF-kB (p50/RelB) is sucient to block erythroid differentiation in response to HMBA.
Discussion
Our previous work showed that inhibition of HMBAinduced MEL cell dierentiation by cAMP-elevating agents and cAMP analogs correlated with delayed upregulation of NF-kB and lack of late c-myb mRNA down-regulation (Suhasini et al., 1997) . The NF-kB complexes induced by cAMP contained p50 and RelB and bound to the NF-kB consensus sequences present in c-myb intron I; p50/RelB complexes were able to transactivate a reporter containing one of these sites upstream of a minimal promoter (Suhasini et al., 1997) . In this work, we demonstrate that NF-kB (p50/RelB) complexes, but not p50 or RelB alone, can prevent the early and late down-regulation of c-myb mRNA in HMBA-treated MEL cells. NF-kB (p50/RelB) upregulated c-myb mRNA levels and increased c-myb transcriptional elongation only in HMBA-treated cells Figure 5 Nuclear run-o analysis of c-myb transcription. MEL cell clones P50-C5 and P50/RelB-C5.7 were cultured for 4 h (upper panels) or 48 h (lower panels) in the presence of 3 mM HMBA. Intact nuclei were isolated and nuclear run-o transcription analyses were performed as described in Materials and methods. Nuclear RNA (2610 7 trichloroacetic acidprecipitable c.p.m.) was hybridized to the following DNA probes immobilized on nylon membranes: pGem3Z vector DNA to control for nonspeci®c hybridization (pGem), a cDNA probe encoding b-glyceraldehyde-3-phosphate dehydrogenase (GAPD), a genomic probe encoding c-myb intron I sequences upstream of the region of transcriptional block (c-myb/5'fragment), c-myb intron I sequences just downstream of the block (c-myb/ 3'fragment) and a cDNA probe encoding the structural protein CHO-A (CHOA) Figure 6 Eect of p50 and/or RelB expression on the proliferation of MEL cells in the absence and presence of HMBA. Parental cells (Wt), the G418-resistant control clone (CC) and the p50 and/or RelB-expressing clones described in the legend of Figure 1 were cultured in the absence (striped bars) or presence (®lled bars) of 3 mM HMBA for 6 days. Cultures were started at a density of 2.5610 4 cells/ml and HMBA was added 6 hours after initiation of cultures. Every 48 h, half of the media was replaced with fresh culture media with or without HMBA. On day 6, cells were resuspended and counted; viability was tested by trypan blue exclusion and was 490% for all cultures. Data represent the mean of at least two independent experiments performed in triplicate under conditions where c-myb mRNA is normally down-regulated through a block in transcriptional elongation (Figures 4b, d and 5 ). These results suggest that NF-kB (p50/RelB) binding near the site of transcriptional attenuation in c-myb intron I may speci®cally oppose the eect of other factors responsible for the block in transcriptional elongation during dierentiation. For the murine c-myb gene, these factors have not yet been identi®ed, although dierential protein binding to sites within c-myb intron I has been reported in leukemic cells expressing high versus low levels of c-myb and in HMBA-induced versus uninduced MEL cells (Dooley et al., 1996; Reddy and Reddy, 1989) . A positive correlation has been found between c-Ets-1 protein binding to a site present in the human c-myb intron I and c-myb transcriptional elongation in proliferating versus dierentiating myeloblastic leukemia cells (Wang et al., 1994) . These data suggest that transcriptional attenuation of the human c-myb gene may be due to down-regulation of c-Ets-1; however, the c-Ets-1 binding site is not conserved in the murine gene (Wang et al., 1994; Reddy and Reddy, 1989; Jacobs et al., 1994) .
We found that steady-state c-myb mRNA levels were not altered by NF-kB (p50/RelB) overexpression in cells cultured in the absence of HMBA (Figure 4a ) and in cells cultured for 24 h in HMBA ( Figure 4c) ; at this time c-myb transcriptional elongation occurs at a similar rate as in untreated cells (Watson, 1988) . Similarly, high levels of p50 and RelB induced by cAMP did not alter c-myb mRNA expression in MEL Figure 1 . Cytoplasmic RNA was extracted after 3 days and a Northern blot was hybridized to a b-globin cDNA probe as described in Materials and methods. Ethidium-stained ribosomal RNA bands were visualized on the ®lter and demonstrated equal RNA loading and transfer except for the control clone in lane 3 which was slightly overloaded (not shown). (b) Parental cells (Wt), a G418-resistant control clone (CC), p50-expressing clones (P50 clones, n=10), RelB-expressing clones (RelB clones, n=10) and clones expressing both p50 and RelB (P50/RelB clones, n=10) including the clones described in the legend of Figure 1 were cultured in the presence of 3 mM HMBA for 6 days. Hemoglobin production was assessed by determining the percentage of cells that stained positive with benzidine (in the absence of HMBA 53% of cells were positive, not shown). Each data point represents an individual clone and is the mean of at least two independent experiments performed in duplicate cells cultured in the absence of HMBA (Figure 1 and unpublished results). Taken together, these results suggest that the NF-kB binding sites in c-myb intron I modify the eciency of transcriptional attenuation during dierentiation rather than serving as general transcriptional enhancer elements in the endogenous cmyb gene. Complex transcriptional regulatory functions other than enhancing transcriptional initiation have been attributed to NF-kB proteins, e.g. selective silencing of the zeta-globin gene during erythoid dierention and cell type-speci®c demethylation of the immunoglobulin k gene during B-lymphocyte differentiation (Kirillov et al., 1996; Wang and Liebhaber, 1999) .
A role for NF-kB in regulation of the c-myb gene was initially proposed by Toth et al. (1995) who showed transactivation of a Myb/CAT reporter construct containing the promoter and intron I sequences of c-myb by co-transfection of relA plus crel or p50 plus relA in murine thymoma cells containing low levels of endogenous NF-kB. These investigators also found that NF-kB complexes capable of binding to the sites in c-myb intron I were abundant in mature B-lymphoid cell lines expressing low levels of c-myb and barely detectable in immature B-cell lines with high c-myb expression (Toth et al., 1995) . We do not have an explanation for this paradox, since the dierential expression of c-myb mRNA between mature and immature B-lymphoid cell lines has been attributed to transcriptional attenuation in mature Bcells, similar to the mechanism of c-myb transcriptional attenuation during MEL cell dierentiation (Bender et al., 1987; Watson, 1988a,b) . However, there may be cell-type speci®c dierences in the regulation of c-myb by dierent members of the NF-kB family. Reporter gene expression from a Myb/CAT construct similar to the one described above has been examined in HMBAinduced MEL cells as well as in other murine cell lines; we and others have not been able to ®nd a correlation between reporter gene activity and steady-state levels of endogenous c-myb mRNA expression [(Mountz and Subler, 1999) and unpublished results]. Regulation of the transfected reporter gene may not re¯ect regulation of the endogenous c-myb gene suggesting that higher order chromatin structures may be involved in regulation of c-myb transcriptional elongation.
In our experiments, overexpression of NF-kB (p50/ RelB) at levels similar to those found in cAMP-treated MEL cells prevented the down-regulation of c-myb mRNA, blocked HMBA-induced erythroid differentiation, and caused continued proliferation in the presence of HMBA. These ®ndings are consistent with previous reports showing that overexpression of c-myb from various constitutive or inducible expression vectors causes a block of MEL cell dierentiation and continuous proliferation in the presence of the inducing agent (McClinton et al., 1990; Clarke et al., 1988; Danish et al., 1992) . Our results demonstrate that up-regulation of endogenous c-myb to levels similar to those found in non-dierentiating cells is sucient to block dierentiation. Since c-myb is essential for the proliferation of immature hematopoietic progenitors and down-regulation of c-myb mRNA is a prerequisite for the dierentiation of multiple hematopoietic lineages, the observed eect of NF-kB on c-myb mRNA expression is likely to be of broad physiological signi®cance (Mucenski et al., 1991; Gonda, 1998) . During normal human erythropoiesis, active nuclear NF-kB complexes containing p50, p52 and RelA are found in rapidly proliferating burst-forming uniterythroid (BFU-E)-derived erythroblasts and are down-regulated as these cells terminally dierentiate (RelB expression has not been examined) (Zhang et al., 1998) . The phenotype of relB7/7 mice includes multiorgan in¯ammation, myeloid hyperplasia and erythroid hypoplasia in the bone marrow with extramedullary hematopoiesis and splenomegaly, suggesting a role for RelB in hematopoietic cell proliferation and dierentiation (Weih et al., 1995) . In contrast, cmyb7/7 mice die in utero due to severely impaired fetal liver erythropoiesis (Mucenski et al., 1991) ; thus, RelB may not be required for the regulation of c-myb expression during embryogenesis, and/or other members of the NF-kB family may be compensating for the lack of RelB in relB7/7 animals. Our ®nding that NF-kB (p50/RelB) can prevent the down-regulation of c-myb during hematopoietic cell dierentiation suggests that the induction of nuclear NF-kB complexes by in¯ammatory cytokines may contribute to the bone marrow hyperplasia and the greater abundance of immature versus mature bone marrow elements (leftshift) observed during severe infections.
Materials and methods
Materials
Polyclonal antibodies speci®c for p105/p50 and RelB were from Santa Cruz Biotechnology; the IkB-a-speci®c antibody was a generous gift of J DiDonato (Mercurio et al., 1993) . Double-stranded oligodNT probes encoding the NF-kB consensus sequence of the immunoglobulin k light chain enhancer or a SP-1 consensus sequence were from Promega. OligodNTs encoding the NF-kB consensus sequence b of cmyb intron I were synthesized by Life Technologies; they were annealed and puri®ed by polyacrylamide gel electrophoresis (Suhasini et al., 1997) .
Plasmids
The DNA probes used for Northern blots and nuclear run-o analyses were described previously (Suhasini et al., 1997) . The cDNAs encoding p50 and relB (Mercurio et al., 1993; Ryseck et al., 1992) were subcloned into vectors allowing expression from the chicken b-actin promoter; the p50 and relB expression vectors contained an expression cassette for the neomycin and hygromycin resistance gene, respectively. The reporter plasmids pNFkB-Luc, pNFkB(mut)-Luc, p(7453/ +80)HIV-Luc, pDNFkB(7453/+80)HIV-Luc and pAP1-Luc were generously provided by M Karin (Devary et al., 1993) .
Cell culture and transfection
MEL cells (strain 745A) were routinely grown in Iscove's Modi®ed Dulbecco's Medium (IMDM) supplemented with 10% transferrin-enriched newborn calf serum. MEL cells were transfected with Lipofectamine TM (Life Technologies) as previously described (Pilz et al., 1992; Suhasini et al., 1997) . Single clones of MEL cells stably transfected with the expression vectors for p50 and relB were isolated in 1 mg/ ml of G418 or 100 mg/ml of Hygromycin B, respectively. To obtain cells expressing both genes, several independent G418-resistant clones expressing p50 at levels comparable to those Regulation of c-myb transcription by NF-kB M Suhasini and RB Pilz induced by cAMP in parental cells were transfected with the relB expression vector and selected for growth in G418 plus Hygromycin B. Again, single clones were isolated by limiting dilution before further characterization. In transient transfections, luciferase activities were normalized to b-galactosidase activity expressed from the co-transfected vector pRSV-bGal to control for variations in transfection eciencies (Suhasini et al., 1997) .
Western blot analysis
Western blots were prepared with whole cell extracts from equal numbers of cells and developed with antibodies speci®c for p50/p105, RelB and IkB-a as described (Suhasini et al., 1997) .
EMSAs
Nuclear extracts were prepared from 2610 7 cells and 10 mg of protein were incubated with 10 fmol (10 4 c.p.m.) of endlabeled, double-stranded oligodNT probes containing recognition sequences for NF-kB or SP-1 as previously described (Suhasini et al., 1997) . The oligodNTs had the following sequences (sense strand): NF-kB/Igk, 5'AGT TGA GGG GAC TTT CCC AGG C3'; NF-kB/myb, 5'GGC CTC TGG AAA GTA CCT TAA ACA TA3'; and SP-1, 5'ATT CGA TCG GGG CGG GGC GAG C3' (Suhasini et al., 1997) . Protein/DNA complexes were resolved by non-denaturing polyacrylamide gel electrophoresis and autoradiography (Suhasini et al., 1997) . The following DNA fragments of cmyb intron I were used in competition experiments: a 120 bp BamHI/StyI and 150 bp BglII/BamHI fragment containing NF-kB consensus sequences a and b, respectively, and a 120 bp HindIII/BamHI and 240 bp BamHI/BglII fragment adjacent to the NF-kB-containing fragments (Toth et al., 1995; Reddy and Reddy, 1989) . Supershift experiments and Western blot analysis of protein/DNA complexes excised from EMSA gels were performed to determine the presence of p50 or RelB in the protein/DNA complexes, respectively, as described previously (Suhasini et al., 1997) .
Northern blot analysis
Total cellular RNA was isolated, electrophoresed on 1% denaturing formaldehyde/agarose gels and transferred to nylon membranes; the blots were hybridized to 32 PO 4 -labeled probes as described previously (Pilz et al., 1992) . Equal RNA loading and transfer was assured by stripping and rehybridizing blots to a control probe encoding GAPDH and/or visualizing ribosomal RNA bands by ethidium uorescence.
Nuclear run-o transcription analysis
Intact nuclei were prepared and RNA chain elongation was measured as described previously (Suhasini et al., 1997) . a-
32
PO 4 -UTP-labeled nuclear RNA (2610 7 c.p.m.) was hybridized to denatured DNA probes immobilized on nylon membranes as described (Suhasini et al., 1997) with pGem3Z serving as a control for nonspeci®c binding to vector DNA. Two DNA restriction fragments from c-myb intron I were used to examine the block to transcriptional elongation: a 0.7 kb BamHI fragment from the 5' end of intron I which is upstream of the region of transcriptional block (c-myb/5' fragment) and a 2.2 kb BamHI/HindIII fragment just downstream of the block (c-myb/3' fragment) (Reddy and Reddy, 1989) .
Cell counting and hemoglobin staining
Cells were cultured in the presence or absence of 3 mM HMBA for 6 days; every 48 h, half of the culture media (+HMBA) was replaced. After 6 days, cells were resuspended and counted using a Coulter Counter. Benzidine staining for the presence of hemoglobin was performed as described previously (Pilz et al., 1992) . Only cultures with 490% cell viability, as determined by trypan blue exclusion, were analysed.
